Currently, diagnosis of Chagas' disease is based on serological methods, but due to the high occurrence of inconclusive results, more reliable methods are needed. The use of recombinant antigens for serodiagnosis of Chagas' disease is recommended in order to increase the sensitivity and specificity of the serological tests. The Trypanosoma cruzi complement regulatory protein (CRP) is a surface glycoprotein present on the trypomastigote forms of the parasite, and the recombinant CRP (rCRP) was cloned in a mammalian expression system and purified by affinity chromatography. The purified recombinant protein was used as an antigen in an enzyme-linked immunosorbent assay (rCRP ELISA) in order to verify its sensitivity and specificity compared with other established methods. In this evaluation, a panel of 184 serum samples distributed among chronic chagasic patients (n ‫؍‬ 65), blood bank donors (n ‫؍‬ 100), and patients infected with Leishmania spp. (n ‫؍‬ 19) was used. The sensitivity and specificity of the rCRP ELISA were 100% when compared to conventional serology and complement-mediated lysis tests from these groups. When hemoculture and PCR tests were evaluated for diagnosis of chronic chagasic patients, using the rCRP ELISA as a reference test, the positivities were found to be 64.62 and 81.54%, respectively, showing a higher degree of sensitivity of the test. The data demonstrate that rCRP ELISA was able to discriminate between chronic chagasic patients and nonchagasic individuals, such as blood donors and patients with leishmaniasis. Thus, the rCRP is an excellent antigen for use in Chagas' disease diagnosis, due to the absence of false-negative or false-positive results.
Chagas' disease, first described by Carlos Chagas in 1909, remains a public health concern even after several efforts to reduce the incidence of cases, which affect 16 to 18 million people in Latin America (52) . The etiological agent, Trypanosoma cruzi, is normally transmitted by infected triatomid bugs; however, cases associated with blood transfusion, organ transplant, and congenital infection have been described even in countries to which the disease is not endemic (7, 18, 45, 47) .
The diagnosis of Chagas' disease can be made by the detection of the parasite by indirect parasitological methods (xenodiagnosis and hemoculture) or, more frequently, by detection of immunoglobulin G (IgG) antibodies against T. cruzi in sera from chronically chagasic patients. The parasitological methods show high specificity but are limited in terms of sensitivity due to the low parasitemia in the chronic phase. By such methods parasites are detectable in only 25 to 75% of individuals known to be infected by T. cruzi (15, 44) . The use of conventional serologic tests (enzyme-linked immunosorbent assay (ELISA), indirect immunofluorescence, and indirect hemagglutination) is still the main method for the Chagas' disease diagnosis in the chronic phase. The epimastigote form of T. cruzi is generally used as a source of antigen because it is easily cultured in acellular medium and adequate amounts of antigen can be readily obtained (13) . However, its antigenic fraction contains complex molecules, which favors the appearance of false-positive reactions and cross-reactivity with sera from patients bearing other parasites, especially Leishmania spp. and Trypanosoma rangeli (3, 16) . In addition, this antigenic heterogeneity does not allow the differential diagnosis between the acute and chronic phases and also among the clinical manifestations (48) . Indeed, discrepancies or inconclusive results, such as false-positive reactions caused by cross-reactivity with antibodies induced by other pathogens (mainly Leishmania) and false-negatives, may occur (35, 41, 42) . For these reasons, the World Health Organization recommends using at least two of those serologic tests in parallel (52) . The use of well-characterized antigens and their preparation under quality-control conditions have introduced a source variability in the final agent, and controversial results have been obtained with the reagents from whole or semipurified extracts of T. cruzi (12) .
In recent years, development of recombinant DNA techniques permitted construction of different bacterial and eukaryotic gene expression systems which allow production of parasite antigens in large amounts and with a high level of purity. Several T. cruzi genes were isolated and cloned, and some recombinant antigens have been assayed and tested for diagnosis. The results, however, showed variable efficacy for the different tested antigens, and it was observed that some of them displayed better performance when used in combination than separately, producing results with sensitivities and specificities that reached up to 100% (1, 2, 17, 23, 24, 31, 32, 40, 49, 54) .
More recently, use of the PCR was suggested as an alternative means of diagnosing Chagas' disease (6, 9, 51); however, variable levels of sensitivity in the detection of T. cruzi DNA have been reported by several laboratories. The initial data reported values from 96 to 100% compared with conventional serology (6, 51) , but lower sensitivity levels were also observed (9, 22, 25) due to the extremely low parasitemia in the chronic phase of disease. The occurrence of these problems affecting sensitivity and specificity in the various tests cited above points to the necessity of developing more-reliable assays with welldefined antigen preparations for diagnosis (4) .
The complement-mediated lysis (CoML) test detects the presence of protective antibodies during chronic infections with 100% sensitivity and specificity, but not in the uninfected, immunized host (26, 30) . These antibodies, which induce lysis of T. cruzi in the presence of complement and are referred to as lytic antibodies, recognize antigens on the surfaces of living trypomastigotes and represent a class of antibodies distinct from those detected by conventional serologic tests (30) . In addition, the CoML test may be the best indicator of an ongoing infection and an indication of treatment failure in chagasic patients (32) . However, this method is not applicable for routine diagnosis in the clinical laboratory due to the manipulation of live infectious parasites, although the test is excellent for use as a reference (30) . One of the antigenic targets of lytic antibodies was found to be a 160-kDa trypomastigote-specific surface glycoprotein (34, 36) . This protein was later purified from the parasites and characterized as a complement regulatory protein (CRP) that functions to inhibit complement activation and lysis of the parasites (37) . It was shown that antibodies to this protein could neutralize the complement inhibitory function, thus supporting complement-mediated lysis. Since the CRP is a target of complement lytic antibodies and the CoML test has been shown to be one of the best tests of ongoing infection, we sought to determine if a recombinant CRP-based ELISA could effectively replace the CoML and other diagnostic tests for detection of ongoing T. cruzi infection.
A full-length cDNA encoding the T. cruzi CRP was previously isolated (38) and stably transfected in mammalian cells, allowing its large-scale production and purification (M. Beucher, W. S. F. Meira, V. Zegarra, L. M. C. Galvão, E. Chiari, and K. A. Norris, submitted for publication). In this study, we report the standardization of an ELISA test using the recombinant CRP (rCRP) of T. cruzi and the evaluation of its efficacy in Chagas' disease diagnosis compared with well-established methods, such as hemoculture, PCR, complement-mediated lysis, and conventional serology.
MATERIALS AND METHODS
Human sera. A total of 184 sera were used in this study. Sixty-five serum samples from chronic chagasic patients as determined by positive results in conventional serological tests, such as indirect immunofluorescence, indirect hemagglutination, and enzyme-linked immunosorbent assay, were collected at the "Ambulatório de Doença de Chagas, Hospital das Clínicas, Universidade Federal de Minas Gerais" (Belo Horizonte, Brazil). One hundred serum samples found to be negative by serological testing of blood donors from the blood bank of the "Clínica Romeu Ibrahim de Carvalho, Hospital Felício Rocho" (Belo Horizonte, Brazil) were used as negative controls. Serum samples of 10 patients with visceral leishmaniasis and 9 patients with cutaneous leishmaniasis were selected by positive direct parasitological examination to be tested in the rCRP-ELISA. This study was carried out with the consent of the participants and was approved by the Ethics Committee of the "Hospital das Clínicas/087/99, Universidade Federal de Minas Gerais, Belo Horizonte" (Minas Gerais, Brazil).
Protein extraction and purification. For T. cruzi rCRP extraction, we used the clone pcDNA3-CRP-his-stop transfected in CHO-K1 cells (Beucher et al., submitted). A total of 3 ϫ 10 8 transfected cell lines were centrifuged, the pellet was solubilized at 10 7 cells/ml with 2% Triton X-114 (Pierce Chemical Co., Rockford, Ill.) in Tris-buffered saline (50 mM Tris [pH 7.4], 150 mM NaCl), and the aqueous phase was collected after centrifugation and incubation at 37°C for 3 min. Protease inhibitors (leupeptin, aprotinin, and E-64; Sigma Chemical Co., St. Louis, Mo.) were added to buffers at a final concentration of 1 g/ml each. Nickel-nitrilotriacetic acid affinity chromatography purification was performed using 4 ml of a ProBond Ni 2ϩ resin washed with 30 ml of ddH 2 O and with 50 ml of binding buffer (20 mM NaH 2 PO 4 [pH 7.8], 500 mM NaCl). The total protein extracted from the cell lysate (ϳ27 mg) was added to the resin in binding buffer and incubated for 1 h at room temperature with shaking. The resin was washed with 50 ml of washing buffer (20 mM NaH 2 PO 4 [pH 6 .0], 500 mM NaCl) containing 25 mM of imidazole, and the fractions were eluted with the same washing buffer but with a crescent concentration gradient of imidazole from 50 to 300 mM. The fractions were collected in 2-ml aliquots, and the purified recombinant protein was eluted at an imidazole concentration of 100 to 150 mM of in elution buffer (20 mM NaH 2 PO 4 [pH 6 .0], 500 mM NaCl). Protein fraction concentrations were determined using Bio-Rad (Hercules, Calif.) protein assay dye reagent concentrate. The T. cruzi rCRP was also purified from culture media after 3 ml of the culture medium was incubated with 200 l of the ProBond Ni 2ϩ resin for 2 h at room temperature with shaking. This mixture was centrifuged, and the pellet was suspended in 200 l of a 1ϫ sodium dodecyl sulfate-polyacrylamide gel electrophoresis sample buffer for protein elution. The supernatant was analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (Beucher et al., submitted).
ELISA. An ELISA for antibody detection in serum was standardized basically as described previously (50) . The assay was performed using flat-bottom 96-well microtiter plates for enzyme immunoassay-radioimmunoassay (Hybond-polystyrene plates; Costar, Cambridge, Mass.) coated with 50 l of solution containing 2.5 g of purified T. cruzi rCRP/ml in carbonate buffer (0.05 M, pH 9.6), incubating for 24 h at 4°C. After incubation, the plates were washed two times with phosphate-buffered saline-0.05% Tween 20 and blocked for 2 h at 37°C with 200 l of 5% nonfat milk (Nestlé Brasil Ltda., Araçatuba, São Paulo, Brasil) in phosphate-buffered saline (block solution) per well. Fifty microliters of sera diluted 1:200 in block solution was added per well. Plates were incubated for 16 h at 4°C and washed three times as previously mentioned. Then, 50 l of peroxidase-conjugated rabbit anti-human IgG (DAKO Corp., Carpinteria, Calif.) diluted 1:7,500 in block solution was added, and the plates were incubated for 1 h at 37°C. After four washes as already described, the reaction was developed by addition of 100 l of 3,3Ј,5,5Ј-tetramethylbenzidine chromogen (DAKO Corp.) and incubation for 20 min at 37°C. The reaction was stopped with 100 l of 1 M H 2 SO 4 , and the optical density at 450 nm (OD 450 ) was determined in an ELISA reader (Benchmark Microplate Reader; Bio-Rad). The cutoff (CO) values were calculated for each plate as follows: CO ϭ m ϩ 2.SD, in which m is the absorbance average of the negative controls (n ϭ 8) and SD is the standard deviation.
Complement-mediated lysis. Lytic antibodies were detected by the CoML test (21, 26, 29) as follows: 6 ϫ 10 6 to 7 ϫ 10 6 trypomastigotes per ml were incubated with human serum as the complement source (HuC) at 37°C for 30 min and counted to assure total resistance to complement lysis in the absence of immune serum. Fifty microliters of a suspension of such trypomastigotes and 50 l of the test serum, diluted two-and fourfold, were mixed in 5-ml plastic tubes and incubated at 37°C for 30 min and then placed on ice. Fifty microliters of HuC were added to 50 l of each sample, and the parasites were counted in a hemocytometer. The tubes were incubated at 37°C for 45 min and replaced on ice, and the parasites were recounted. The lysis percentage was calculated as 100 Ϫ (number of parasites in sample at 45 min) ϫ 100 Ϭ (initial number of parasites in sample).
Hemoculture. The technique of Chiari et al. (15) was used as follows: 30 ml of venous blood was collected into vacuum tubes containing sodium heparin and centrifuged for 10 min at 300 ϫ g, at 4°C, to separate red blood cells from plasma. The plasma supernatant was centrifuged at 900 ϫ g (4°C) for 20 min, and 3 ml of liver infusion tryptose medium (LIT) (10) was added to the pellet. The packed red blood cells were washed by the same centrifugation and resuspended in 6 ml of LIT, homogenized, and distributed into six plastic tubes (Falcon) each containing 3 ml of LIT. All tubes were maintained at 27 to 28°C, mixed gently twice weekly, and examined monthly for up to 120 days. Ten microliters of each preparation was examined microscopically under 22-mm 2 coverslips at magnification ϫ150.
Preparation of DNA for PCR. In order to obtain DNA for PCR, 10 ml of blood samples was collected simultaneously with hemoculture and added to 50-ml plastic tubes (Falcon) containing 10 ml of a mixture of 6 M guanidine-HCl and 0.2 M EDTA (Sigma), pH 8.0 (5). The samples were stored for 5 days at room temperature, boiled in water at 100°C for 15 min to shear the DNA molecules, and stored at 4°C until the time of use, when a 200-l aliquot was collected from each sample and DNA extraction was performed (8, 22) . PCR conditions. PCR amplification was performed in a total volume of 20 l containing 0.1% Triton X-100, 10 mM Tris-HCl (pH 9.0), 75 mM KCl, 5 mM Cl 2 Mg 3, 0.2 mM (each) dATP, dTTP, dGTP, and dCTP (Sigma), 1 l of Taq DNA polymerase (Promega Corp.), 20 pmol of 121 (5Ј-AAATAATGTACGG (T/G)GAGATGCATGA-3Ј) and 122 (5Ј-GGTTCGATTGGGGTTGGTGTAA TATA-3Ј) primers (Operon Technologies Inc.), and 2 l of DNA of each sample (20, 22) . The reaction mixture was overlaid with 30 l of mineral oil (Sigma) to prevent evaporation and subjected to 35 cycles of amplification in an automatic thermocycler (MJ Research programmable thermal controller PTC-100) using plastic 0.5-ml microtubes. The temperature profile was as follows: 95°C for 1 min for denaturation (with a longer initial time of 5 min at 95°C), 65°C for 1 min for primer annealing, and 72°C for 1 min for extension, with a final incubation at 72°C for 10 min to extend the annealed primers. The PCR products were visualized by 6% polyacrylamide gel electrophoresis and silver stained (43) . All DNA extraction steps and reaction mixtures used for PCR were monitored and compared with positive and negative controls. To avoid contamination, the reaction steps were performed in separate environments, using equipment and reagents destined exclusively to each stage. To test whether inhibition of the reaction was occurring, DNA from T. cruzi culture was obtained and used as a positive control. The sizes of the amplified bands were monitored using a 100-bp ladder molecular size marker (Promega).
Slot blot hybridization. All samples were submitted to the hybridization technique in a slot blot (Hoefer Scientific Instruments) with a specific probe that hybridized internally to the 330-bp fragment amplified by PCR. This probe consisted of the oligonucleotide 5Ј-TGGTTTTGGGAGGGGCGTTCAAATT T-3Ј labeled with alkaline phosphatase (46) and was synthesized by Life Technologies (Rockville, Md.). This technique confirms the specificity of the amplified product and/or increases the sensitivity of the protocol. When PCR alone is employed, 10 fg of parasite DNA may be detected in polyacrylamide gel, while hybridization permits detection of as little as 0.1 fg (22) .
Data analysis. The OD 450 s from different samples were plotted using computer graphics software (Prizm GraphPad, Version 2.01, San Diego, Calif.). The values of sensitivity and specificity were calculated according to the method of Camargo (11) , and the degree of concordance between results was estimated by the Youden index (J) (53) . The differences among positivity percentages were tested using the chi-square test with 1 degree of freedom by the statistics software package EPI-INFO/EPITABLE with the confidence interval at the level of 95%.
RESULTS
Development of the rCRP ELISA. T. cruzi rCRP was produced in transfected cell lines and purified by affinity chromatography on a nickel-nitrilotriacetic acid resin. A total of 783 g of purified recombinant antigen was obtained after the three immunoreactive eluted fractions were combined. The recombinant antigen was specifically recognized by a Western blotting assay against chicken anti-CRP IgY antibody (data not shown). After rCRP ELISA standardization, optimal results were obtained when the assay was performed under the following conditions: microtiter plates were coated with 50 l of the antigen at a concentration of 2.5 g/ml per well, the primary antibody was used in a dilution of 1:200, and the second antibody was diluted at 1:7.500.
Sensitivity and specificity of rCRP ELISA. The sensitivity and specificity of rCRP ELISA in relation to the conventional serology tests were calculated using serum samples from individuals in the chronic phase of Chagas' disease and from blood bank donors as positive and negative samples, respectively. The analysis of sensitivity, specificity, and concordance (Youden) showed a result of 100%. A negative percentage of 100% was also observed when sera from patients with visceral and cutaneous leishmaniasis were tested ( Table 1) . The rCRP ELISA results in all sera groups are also demonstrated in a scatter plot (Fig. 1) . The cutoff value was calculated as described previously (50) and is indicated by the dashed line in the graphic. The comparison among the CoML and rCRP ELISA results demonstrated a sensitivity of 98.46%, a specificity of 95.0%, and concordance of 92% with a confidence interval from 0.85 to 0.98 (Table 1) , confirming the high concordance between the methods. The difference of these two Comparison between rCRP ELISA and other methods. The hemoculture test and the PCR followed by hybridization were performed with the sera samples from chronic chagasic patients for comparison with the rCRP ELISA results. This analysis was done using the difference between positive percentage values obtained by rCRP ELISA (100%) and by hemoculture (64,62%) ( 2 ϭ 27.94; P ϭ 0.00001) ( Table 1 ). The PCRhybridization results also presented a significantly lower positivity of 81.54% ( 2 ϭ 13.22; P ϭ 0.000277) compared with the rCRP ELISA. The statistical analysis chi-square and P values demonstrated that the difference between the results of the different methods has high significance with a confidence interval of 95%. These data showed that the rCRP ELISA gives greater sensitivity than hemoculture and PCR in the diagnosis of Chagas' disease.
DISCUSSION
Serological methods, based on the detection of antibodies against T. cruzi, are widely used for diagnosis of Chagas' disease. During the infection, the patients produce several antibodies against different T. cruzi antigens, and these antibodies show qualitative and quantitative differences. Among them, a small subset is considered specific for antigens from different developmental stages of the parasite. The majority of these antibodies usually show different degrees of nonspecific reaction with antigens from other closely related organisms, resulting in cross-reactions and consequently false-positive diagnosis (16, 33, 35) . To overcome this problem, several antigens are being produced in different manners and evaluated for diagnosis of chagasic patients.
In the present report, we evaluated T cruzi rCRP, a trypomastigote-specific antigen, in the development of a sensitive and specific ELISA system for the diagnosis of Chagas' disease. The method was standardized to establish the optimal antigen concentration and dilution of antibodies. The assay was performed with 184 individual sera, distributed between chronic chagasic patients (n ϭ 65), nonchagasic individuals (n ϭ 100), and patients with leishmaniasis (n ϭ 19). For the evaluation in the first two groups, we considered conventional serology as the reference test and compared these results with those obtained by the rCRP ELISA. This comparison showed a total concordance between the methods and allowed us to affirm that the new ELISA test shows sensitivity and specificity of 100%. When patients infected with Leishmania spp., considered negative samples, were tested by rCRP ELISA, no positive reaction was observed, confirming the high specificity of the method. The complement-mediated lysis was tested in the same group of patients and in the group of blood donors, resulting in a lower sensitivity and specificity than rCRP ELISA. This difference was not statistically significant for the number of samples analyzed. These data reinforce the strength of the rCRP ELISA as a Chagas' disease diagnostic tool.
The rCRP ELISA was considered a reference test to be compared with hemoculture and PCR methods. The hemoculture, which is a highly specific test, was positive for 64.62% of the patients compared with ELISA results, confirming a low sensitivity of this method as reported previously. The positivity of 81.54% verified for the PCR also confirmed preceding data. Our results reinforce that both methods, although reliable, cannot be applied in clinical laboratory testing or in blood bank screenings due to the high level of variable results. The sensitivity of these methods seems to reflect the different genetic constitution of circulating T. cruzi strains, which vary according to geographic origin (19) . The presence of the parasite in the blood at a given time depends on the parasite's life cycle as well as on the immunological equilibrium between the parasite and the host (14) . The analysis of these results leads us to conclude that this recombinant antigen is a strong candidate for use in diagnosis of Chagas' disease. In addition to the inadequacies of the present methods for diagnosing chronic Chagas' disease, there is also a lack of reliable or applicable means to verify cure of patients after drug treatment, particularly in the chronic phase of the disease. The effectiveness of treatment with nitroimidazole derivatives and other drugs has been difficult to assess, since conventional serologic tests may remain positive for several years in some patients despite repeated negative direct parasite detection tests, such as hemoculture or xenodiagnosis (15, 21, 26, 27, 28, 39) . This lack of a means of detection of ongoing infection has hampered the development of drugs that may be effective in treating the chronic phase of the disease. The CoML test has been proposed by Kettli and Brener as a means to detect parasite clearance posttreatment (30) . This method has opened new perspectives regarding the evaluation of cure in chagasic patients and shows clear discordance among conventional serology and lytic antibodies in both human patients and experimental animals, the former being classified as "dissociated" (35) . It was previously shown that the T. cruzi CRP is a principal effector molecule restricting complement activation and lysis of the parasites and also elicits the production of lytic antibodies in humans (37) . The results presented here suggest that the T. cruzi rCRP may be a candidate antigen for monitoring cure in chagasic patients after treatment.
